An investigation was conducted to explore the effect of the phytohormone indole-3-acetic acid (IAA) on cellular differentiation in streptomycetes. A total of 21 Streptomyces strains known to produce antibiotics were tested. IAA (1-20 g/ml) in Bennett's agar markedly stimulated aerial mycelium formation and antibiotic production in 12 and 13 test strains, respectively. The stimulating effect of IAA was confirmed even in a submerged culture: production of an anthracycline group antibiotic, rhodomycin, by S. purpurascens NBRC 13077 cultured in oatmeal-MYM broth, was markedly enhanced by addition of IAA (20 g/ml). mRNA differential display (RT-PCR) analysis revealed that expression of rdmA, rdmB, rdmC, rdmD and rdmE, all genes involved in rhodomycin production, was up-regulated by IAA treatment in S. purpurascens. These results suggest that IAA may act as a common regulating agent for sporulation and secondary metabolism in streptomycetes.
INTRODUCTION
Members of the genus Streptomyces characteristically produce extensively branched substrate hyphae from which long, branched aerial hyphae arise 1) . Characteristic long chains of arthrospores are formed within the aerial hyphae at a mature stage in their life cycle. These actinomycetes are also characterized by their superior ability to produce therapeutically useful secondary metabolites such as antibiotics; in fact, they have provided more than two-thirds of the naturally occurring antibiotics discovered to date 2) . Morphological differentiation in Streptomyces spp. is closely related to the production of secondary metabolites. In general, the transition from primary to secondary metabolism occurs simultaneously with the formation of aerial hyphae 3, 4) . Recent molecular biological studies have revealed that several substances of low molecular weight regulate both morphogenesis and secondary metabolism in Streptomyces spp. 5) . A-factor, a -butyrolactone derivative, is produced by Streptomyces griseus and induces aerial mycelium formation and streptomycin production in this actinomycete at a concentration of less than 10 À9 M 6, 7) . An A-factor-controlled promoter (adpA) and a specific receptor for A-factor (ArpA) have been identified in S. griseus 8) .
AdpA controls the genes involved in aerial mycelium formation and streptomycin production. Pamamycin-607, goadsporin and desferrioxamine E, all of which belong to another class of signal molecules that positively control the differentiation process in streptomycetes, have also been isolated from S. alboniger, Streptomyces sp. TP-A0584 and S. griseus, respectively [9] [10] [11] [12] . During the course of our screening for low-molecular weight signalling substances, we found that indole-3-acetic acid (IAA), a naturally occurring auxin, is involved in regulating cellular differentiation and secondary metabolism in Streptomyces spp. at low concentrations. In the present paper, we describe the effect of exogenously applied IAA on aerial mycelium formation and antimicrobial activity in various Streptomyces species. The stimulatory effect of IAA on the transcription of genes encoding enzymes involved in the biosynthesis of an anthracycline antibiotic, rhodomycin 13) , in S. purpurascens NBRC 13077, is also described.
MATERIALS AND METHODS

Actinomycete strains
A total of 21 streptomycete strains capable of producing antibiotics were used in this study. The test strains and the antibiotics they produce were as follows 14) S. purpurascens NBRC 13077, rhodomycin(s); S. roseochromogenes NBRC 13080, acetomycin.
The above-mentioned strains were obtained from the NITE Biological Resource Center (NBRC), Chiba, Japan, except for S. coelicolor A3 (2) M140, which was supplied by Dr. Kenji Ueda, Nihon University, Japan, with permission from Prof. Keith Chater of the John Innes Centre, UK. Conditions used for their culture were as described previously 15) .
Bioassay for aerial mycelium-inducing activity Bennett's agar 16) was used as a basal medium. Indole-3-acetic acid (IAA; Sigma Chemical Co., St. Louis, USA) was dissolved in a small quantity of sterile 0.2 N NaOH and added to the autoclaved Bennett's agar to the required concentration. Spore suspensions of streptomycete strains, prepared as previously described 15) , were streaked onto plate surfaces, and both aerial mycelium-formation and soluble pigment production were observed relative to those on basal medium alone, at appropriate intervals up to 14 days.
The paper disc method was also used to examine the aerial mycelium-inducing activity of IAA. Spore suspensions (0.2 ml) of test streptomycete strains were spread over the surfaces of Bennett's agar or oatmeal-MYM agar plates (90 mm in diameter) 17) . Fifty microliters of IAA solution (200 to 2000 mg/ml) was absorbed by paper discs (8 mm in diameter, 1.5 mm thickness; Advantec Inc., Tokyo, Japan) and the discs were placed on the surfaces of inoculated plates. Aerial mycelium formation and soluble pigment production around the paper discs were observed at appropriate intervals up to 14 days.
Measurement of antimicrobial activity expressed on agar medium
Agar discs (8.5 mm in diameter) were stamped out with a cork borer from plates of Bennett's agar with or without IAA (0.1 to 500 mg/ml). The discs were inoculated with test streptomycete strains and incubated in a water-saturated atmosphere at 28 C for five days. The antimicrobial activities of the inoculated agar discs were examined using an agar diffusion method 18) . 
Rhodomycin fermentation
A spore suspension (1 ml) of S. purpurascens NBRC 13077 was inoculated into 500-ml shaking flasks containing 100 ml of oatmeal-MYM broth 17) with or without IAA (20 mg/ml). The inoculated flasks were shaken on a reciprocal shaker (120 strokes/min) at 28 C for up to six days. At appropriate intervals, an aliquot (5 ml) of the culture was removed and centrifuged at 700 Â g for 10 min. Growth was monitored by determining the volume of centrifuged cells (packed cell volume). Production of rhodomycin(s) 13) , red-coloured antibiotic(s), was monitored by determining the OD 500 and antimicrobial activity of an ethyl acetate extract of the culture supernatant. Thus, approximately 5 ml of the centrifuged fermentation broths was extracted with an equal volume of ethyl acetate, after which the OD 500 was determined. Aliquots (50 ml) of the ethyl acetate extract were applied onto paper discs (8 mm in diameter, 1.5 mm thickness; Advantec) to measure antimicrobial activity against Staph. aureus NBRC 3061 using an agar diffusion method 18) .
Gene expression analysis by RT-PCR
Using the acid guanidium-phenol-chloroform method, total RNA was prepared from the mycelia of S. purpurascens NBRC 13077 after incubation in oatmeal-MYM broth, with or without IAA (20 mg/ml), for 72 h 19) . RNA preparations were treated with DNase I (Takara Bio Inc., Shiga, Japan) to eliminate any chromosomal DNA contamination.
Transcription of the genes involved in rhodomycin production (rdmA, rdmB, rdmC, rdmD and rdmE) 20) was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR), using Moloney murine leukemia virus reverse transcriptase (Takara) and 1 mg of total RNA as template. PCR amplifications were performed in a reaction volume of 50 ml in accordance with the instructions of the Taq polymerase manufacturer (Takara), with the following pairs of primers (Table 1) : rdma-fo and rdma-re for rdmA; RdmB-1 and RdmB-2 for rdmB; RdmC-1 and RdmC-2 21) for rdmC; RdmD-1 and RdmD-2 for rdmD; and RdmE-1 and RdmE-2 for rdmE. 16S rRNA was coamplified by RT-PCR as an internal control, using the primers 9F and 802R. PCR conditions were as follows: first strand cDNA synthesis, 37 C for 60 min followed by 95 C for 5 min; amplification, 30 or 35 cycles of 95 C for 30 sec, 56-65 C (depending on the set of primers used) for 30 sec, and 72 C for 1 or 2 min. Negative controls comprised each set of primers and Taq DNA polymerase to confirm that the amplified products were not derived from contaminating genomic DNA. The amplified PCR products were separated by electrophoresis in 1% agarose gels and visualized by ethidium bromide staining.
Quantification of IAA production
Streptomycete strains were grown in a submerged culture in test tubes containing 5 ml of glucose-beef extract broth supplemented with 200 mg/ml L-tryptophan. Tubes were inoculated with a spore suspension (50 ml) of each test streptomycete strain and incubated at 28 C with reciprocal shaking (240 strokes/min). After six days of incubation, the streptomycete cells were removed by centrifugation at 5;500 Â g for 10 min. The supernatant broths were subjected to IAA analysis using Salkowski reagent 22, 23) . Details of the Salkowski colorimetric technique used have been described by Pattern and Glick 23) . This analytical method, which essentially reacts with IAA and, to a lesser extent, with indolepyruvic acid and indoleacetamide, allows the detection of IAA over a low range of concentrations (0.5 to 20 mg/ml) 22) .
RESULTS
Effect of IAA on cellular differentiation
The effect of exogenously applied IAA on morphogenesis and secondary metabolism in S. purpurascens NBRC 13077 was examined using a solid medium, Bennett's agar, supplemented with various concentrations of IAA (Table 2 ). IAA at concentrations from 1 mg/ml (5:7 Â 10 À6 M) to 50 mg/ml (2:9 Â 10 À4 M) was found to markedly stimulate aerial mycelium formation and antibiotic activity against Staph. aureus NBRC 3061, E. coli NBRC 3044, C. albicans NBRC 1385 and A. niger ATCC 9642 in S. purpurascens NBRC 13077. By contrast, IAA had an inhibitory effect on cellular differentiation in this actinomycete when applied at concentrations of 100 mg/ml (5:7 Â 10 À4 M) or above. Figure 1 (A and B) shows that the presence of 20 mg/ml IAA in Bennett's agar clearly stimulated aerial mycelium formation in S. purpurascens NBRC 13077. Figure 1 (C and D) also shows the stimulating effect of IAA on the expression of antimicrobial activity of S. purpurascens cultivated on agar discs: the addition of 1 to 50 mg/ml IAA to Bennett's agar discs clearly increased the antibiotic activity of this actinomycete against E. coli NBRC 3044 and A. niger ATCC 9642. Scanning electron microscopy revealed that after three days of incubation S. purpurascens NBRC 13077 aerial hyphae were more abundant on Bennett's agar containing 20 mg/ml IAA than on Bennett's agar alone (Fig. 2) .
The effect of IAA on cellular differentiation was further examined using 20 different Streptomyces strains able to produce antibiotics (Table 3) . IAA (1 or 20 mg/ml) in Bennett's agar clearly stimulated aerial mycelium forma- 
16S rDNA a Relative to the start of the gene presented in the last column. b The GenBank/EMBL/DDBJ accession number for the rdm gene cluster is U10405. tion and increased antibacterial activity against Staph. aureus NBRC 3061 in 11 and 12 test strains, respectively.
The stimulating effect of IAA was confirmed by using the paper disc method for representative Streptomyces strains, S. purpurascens NBRC 13077, S. coelicolor A3 (2) M140, S. olivaceus NBRC 12805 and S. kasugaensis NBRC 13851. As shown in Fig. 3 , aerial mycelia of all four test strains formed around discs containing 10-100 mg IAA. For S. purpurascens NBRC 13077, enhanced production of red soluble pigment, presumably the antibiotic rhodomycin(s), around the disc, was also observed.
Effect of IAA on rhodomycin fermentation
S. purpurascens NBRC 13077 was cultivated in oatmeal-MYM broth with or without 20 mg/ml IAA for six days with shaking (Fig. 4) . Absorption spectra in the UV and visible regions, determined for ethyl acetate extracts of the culture supernatants, were identical to those of rhodomy- cin(s) 13) (data not shown). The rhodomycin bioassay revealed that the inhibitory activity of S. purpurascens NBRC 13077 against S. aureus was increased in the presence of IAA in the fermentation medium. OD 500 data for the ethyl acetate extracts of culture supernatants further indicated that IAA increased rhodomycin production about 10-fold compared with the control. By contrast, no significant effect of IAA on the growth rate of S. purpurascens NBRC 13077 was observed.
Effect of IAA on the transcription of genes involved in rhodomycin production
RT-PCR was performed to determine the effect of IAA on the transcriptional levels of rdmA, rdmB, rdmC, rdmD and rdmE, 20) all of which are involved in rhodomycin production in S. purpurascens NBRC 13077. Total RNA was purified from the same weight of mycelia after 72 h of incubation in oatmeal-MYM broth with or without 20 mg/ ml IAA. The level of expression of the 16S rRNA gene was used as an internal control to compare the amounts of mRNA between different samples. The transcription levels of rdmA, rdmB, rdmC, rdmD and rdmE in S. purpurascens NBRC 13077 cultivated in oatmeal-MYM broth supplemented with 20 mg/ml IAA were higher than those of the same strain cultivated in oatmeal-MYM medium alone. By contrast, the transcription levels of the 16S rRNA gene in S. purpurascens NBRC 13077 were almost the same when cultured with or without 20 mg/ml IAA (Fig. 5) .
Production of IAA by Streptomyces strains
Four representative Streptomyces strains were cultivated in a submerged culture, and their IAA production levels were measured. S. purpurascens NBRC 13077, S. coelicolor A3 (2) M140, S. olivaceus NBRC 12805 and S. kasugaensis NBRC 13851 were found to produce IAA in culture broth at concentrations (mg/ml) of 28.4, 21.8, 14.2 and 51.5, respectively.
DISCUSSION
IAA is a typical phytohormone that regulates a variety of plant physiological processes, including cell extension, cell division, vascular differentiation, lateral root formation, apical dominance and tropism 24) . It has recently been found that IAA may also serve as a regulating agent for microbial cell differentiation. Thus, IAA has been found to stimulate spore germination and mycelial elongation in a streptomycete, S. atroolivaceus 25, 26) . Prusty et al. 27) showed that IAA induces adhesion and filamentation in a yeast, Saccharomyces cerevisiae. In the present investigation, we found that IAA induces the onset of both aerial mycelium formation and antibiotic production in various Streptomyces spp. These results suggest that IAA may act on a common regulatory cascade leading to morphogenesis and secondary metabolism in streptomycetes.
Streptomycetes are well-known rhizosphere micro-organisms 28) and, based on their ability to produce antibiotics, they have been suggested to protect plant roots by inhi- biting the growth of fungal and bacterial pathogens 1, 29, 30) . Since analyses of root exudates have indicated the presence of plant-derived IAA in the rhizosphere 31, 32) , it is probable that plant roots secrete IAA as a signalling molecule to enhance antibiotic production by rhizosphere streptomycetes in order to protect them from pathogenic microorganisms.
Recent molecular genetic studies using the rhizosphere bacterium Azospirillum brasilense have demonstrated that expression of ipdC, a gene that encodes an indole-3-pyruvate decarboxylase involved in the biosynthesis of IAA, is up-regulated by IAA 33) . Yagi et al. identified DNAbinding proteins that might regulate ipdC gene expression in Azosp. lipoferum 34) . In Sacch. cerevisiae, IAA has been found to induce morphogenetic changes by elevating the transcription level of FLO11, which encodes a cell-surface protein 27) . Prusty et al. identified a fungal specific transcription factor, Yap1, as a key mediator of this response 27) .
In the present paper, we provide evidence for the upregulation of the S. purpurascens rhodomycin biosynthetic genes, rdmA, rdmB, rdmC, rdmD and rdmE, by exogenous IAA. This may be the first description of streptomycete gene transcription being induced by IAA. Further studies, including a search for a specific receptor for IAA and a transcriptional activator, are required in order to understand the molecular mechanisms underlying the action of IAA.
Quantitative analyses of IAA in a submerged culture indicated that S. purpurascens, S. coelicolor, S. olivaceus and S. kasugaensis produce significant levels (>5 mg/ ml) 23, 31) of IAA. Production of IAA by other Streptomyces spp. 26, 35) , as well as by phytopathogenic, epiphytic and plant-growth-stimulating bacteria 23, [36] [37] [38] , has already been reported elsewhere. Some plant-growth-promoting rhizobacteria have been found to stimulate root proliferation by IAA biosynthesis 39) . It is therefore possible that IAA could act as a reciprocal signalling substance 30, 31) in Streptomyces-plant interactions.
